Congenital disorder of glycosylation Ia (CDGIa) is an autosomal recessive disease that is caused by mutations in the gene PMM2 encoding phosphomannomutase, an enzyme that synthesizes mannose-1-phosphate, an important intermediate for the N-glycan biosynthesis. Here, we investigated the susceptibility of CDGIa fibroblasts to cell death induction. CDGIa fibroblasts were more sensitive than control fibroblasts to staurosporineinduced apoptosis. Supplementation with mannose, which corrects N-glycosylation in CDGIa fibroblasts, did not abrogate their higher sensitivity to staurosporine. These results show that the sensitivity of CDGIa fibroblasts to apoptosis is not directly related to their defective N-glycosylation. Phosphomannomutase (PMM) catalyzes the reversible conversion of mannose-6-phosphate to mannose-1-phosphate. Mannose-1-phosphate is the precursor of guanosine diphospho-mannose and dolichol-P-mannose, two intermediates that are required for the synthesis of lipid-linked oligosaccharides (LLO) before their transfer en bloc onto nascent polypeptides. Mutations in the PMM2 gene are causative of a severe multisystemic disease congenital disorder of glycosylation Ia (CDGIa) (1,2). Clinical presentation of CDGIa comprises moderate to severe neurologic disorders frequently associated with liver and cardiac failures (3,4). Genetic analysis of PMM2 in patients with CDGIa revealed a large number of missense mutations. The lack of patients who are homozygous for the most frequent mutation R141H suggests that R141H homozygosity may not be compatible with life (5). A proof of the lethality of R141H homozygosity awaits the generation of knockout mice (6). It is worth noting that deletion of Sec 53, the Saccharomyces cerevisiae PMM2 homologue, has been reported to be lethal (7). However, to our knowledge, there are no available data on the possible relationship between CDGIa and cell death. These observations led us to investigate the sensitivity to cell death of fibroblasts derived from patients with CDGIa. Here, we show that CDGIa fibroblasts are more sensitive to staurosporine-induced apoptosis than nonpathologic fibroblasts. The higher sensitivity to staurosporine in CDGIa is not abrogated by restoring N-glycosylation by mannose supplementation.
cells/well in 24-well plates and incubated in complete medium for 48 h; the cellular stress was initiated by replacement with the same medium that contained staurosporine (Calbiochem/VWR, Fontenay aux Roses, France). When necessary, mannose (Sigma Chemical Co., Saint Quentin Fallavier, France) was supplemented at the final concentration of 1 mM. When used, 100 M z-Val-Ala-(DL)Aspfluoromethylketone (z-VAD-fmk; Apotech/Coger, Paris, France) was added 1 h before the addition of staurosporine and maintained throughout the experiment. Cell viability was estimated by the trypan blue dye exclusion method.
Western blot analysis. Cells were trypsinized and collected by centrifugation (10 min, 1200 g/min), washed with PBS, and resuspended in lysis buffer 1 [1% Triton X-100, 25 mM Tris-HCl (pH 7.4), 1 mM PMSF, 1% protease inhibitor cocktail (Sigma Chemical Co.), 1 mM Na 3 VO 4 , and 1 mM NaF] for 1 h at 4°C. Cell lysates were centrifuged (100,000 g/min, 1 h, 4°C), and supernatants were recovered. Protein concentrations were determined by the bicinchoninic acid method (10) (Pierce/Interchim, Asnières, France) as recommended by the manufacturer. Extracted proteins first were separated in 7.5 or 15% SDS-PAGE and then electrotransferred onto nitrocellulose membranes. After blocking overnight with nonfat milk, the membranes were incubated with the following antibodies, namely polyclonal of anti-pro and cleaved form of caspase 9 and anti-cleaved caspase 3 from Apoptosis sampler Kit (Cell Signaling Technology, Saint-Quentin-en-Yvelines, France; dilution 1:1000), polyclonal of anti-Grp 78 (Santa Cruz Biotechnology, Santa Cruz, CA; dilution 1:500), polyclonal of anti-Bax (Santa Cruz; dilution 1:200), monoclonal of anti-Bcl-2 clone 124 (Dako, Trappes, France; dilution 1:1000), monoclonal of anti-poly-(ADP-ribose)-polymerase (PARP-1) clone C2-10 (Alexis Biochemicals, San Diego, CA; dilution 1:10000), and monoclonal of anti-actin (MAB 1501; Molecular Probes, Eugene, OR; dilution 1:2000) at 20°C for 2 h. Bound primary antibodies were detected by chemiluminescence (ECL; Amersham Biosciences, Orsay, France) using horseradish peroxidase-conjugated secondary antibodies against rabbit or mouse immunoglobulins (Caltag, Burlingame, CA; dilution 1:5000).
Metabolic labeling. Fibroblasts (2 ϫ 10 5 cells/well) were labelled with [2- 3 H]mannose (7.4 ϫ 10 5 Bq/mL; NEN-Perkin Elmer, Courtaboeuf, France) and [
35 S] Easy tag labeling mix (methionineϩcysteine, 2.2 ϫ 10 5 Bq/mL; NEN-Perkin Elmer) for 1 h at 37°C in DMEM that contained 0.5 mM glucose with or without 1 mM mannose. After removal of the medium, cells were quickly washed three times with ice-cold PBS. The cells then were scraped into PBS and lysed by sonication. Lysates were trichloroacetic acid (TCA)-precipitated before and after endo-␤-N-acetylglucosaminidase H (endo H) digestion. TCA-precipitated and TCA-soluble materials were counted and normalized to protein content. Aliquots were used for protein determination by the bicinchoninic acid method. Endo H digestion (10 mU/mL; Oxford Glycosystems/Coger, Paris, France) was performed in 0.2 M sodium citrate buffer (pH 5.5) that contained 0.3% NP40, for 24 h at 37°C.
Isolation and analysis of LLO. Eighty percent confluent fibroblasts were labeled during 30 min with [2- 3 H]mannose (7.4 ϫ 10 5 Bq/mL, NEN-Perkin Elmer) in glucose-free DMEM supplemented with 0.5 mM glucose and 2.5% fetal calf dialyzed serum. When required, 1 mM mannose was added 24 h before and during the labeling pulse.
After radiolabeling, cells were rinsed with ice-cold PBS and scraped in extraction buffer [100 mM Tris-HCl (pH 7.4) and 4 mM MgCl 2 /methanol, 1:2]. An equal volume of chloroform was added, and samples were shaken. After centrifugation, the chloroform phase was saved. This operation was repeated twice, and chloroform phases were mixed, dried, and hydrolyzed with 20 mM HCl. Samples then were centrifuged and dried, and the resulting pellets were extracted in H 2 O and an equal volume of chloroform/methanol (5:1). The aqueous phase was saved and desalted on AG-1/AG-50 columns. Finally, samples were resolved by TLC on silica-coated plastic sheets (Merck, Darnstadt, Germany) in n-propyl alcohol/acetic acid/H 2 O (3:3:2) for 42 h. Radioactive components were detected by autoradiography.
DNA fragmentation analysis. Fibroblasts were treated with 500 nM staurosporine for 24 h with or without z-VAD-fmk. Floating and adherent cells were collected, rinsed twice with PBS, and resuspended for 1 h in lysis buffer 2 [1% Triton X-100, 50 mM Tris-HCl (pH 7.4), and 1 mM EDTA]. Cell lysates were treated with ribonuclease A (5 g/mL) and proteinase K (5 g/mL) at 37°C for 3 h. DNA was extracted twice with phenol:chloroform:isoamylic alcohol (25:24:1; v/v/v; GIBCO-BRL). The aqueous phase was collected, and DNA was precipitated with 3 M sodium acetate in 100% ethanol at 20°C overnight. After centrifugation, the pellet was resuspended in Tris EDTA buffer [10 mM Tris HCl (pH 7.5) and 0.1 mM EDTA]. Each sample was electrophoresed on a 1.6% agarose gel and visualized by ethidium bromide staining.
RESULTS

Sensitivity of CDGIa fibroblasts to staurosporine-induced cell death.
The different cell populations first were exposed to the protein kinase C inhibitor staurosporine (500 nM), a widely known inducer of apoptosis (11) . After 12 h of treatment, staurosporine induced a loss in viability in both CDGIa and two control population of age-matched fibroblasts. However, the loss of viability was more pronounced in the two CDGIa fibroblast populations (Fig. 1A) . When cells were treated with 100 nM staurosporine, reductions of 40 -45% and 65% in cell viability were observed in controls and CDGIa cells, respectively (Fig. 1B) .
Characterization of the staurosporine-induced cell death. In a first set of experiments, we investigated the effect of z-VAD-fmk, a pan caspase inhibitor (12), on staurosporineinduced cytotoxicity. Pretreatment for 1 h with 100 M z-VAD-fmk before the addition of 500 nM staurosporine dramatically reduced cell death in both CDGIa and control fibroblasts (66 and 75% of cell survival after 24 h of staurosporine treatment in CDGIa and control fibroblasts, respectively; Fig. 2A ). Similar results were obtained in cells that were treated with 200 M z-VAD-fmk. These data suggest that a caspase-dependent mechanism is mainly responsible for cell death induced by staurosporine in fibroblasts whatever the PMM2 status. Another hallmark of apoptosis is the generation of DNA ladders as a result of internucleosomal fragmentation. DNA ladders were observed in both CDGIa and control fibroblasts that were treated with 500 nM staurosporine for 24 h. The formation of ladders is totally abolished in the presence of z-VAD-fmk (Fig. 2B) . As cell death is severely impaired by z-VAD-fmk, we next investigated the activation of the initiator caspase 9 and the effector caspase 3. Proteolytic cleavages of caspase 9 and caspase 3 were observed by immunoblotting after staurosporine treatment in both CDGIa and control fibroblasts (Fig. 2C) . The proteolytic activation of caspase 3 was confirmed by the analysis of the cleavage of its specific substrate PARP in both cell populations (Fig. 2C) . The higher sensitivity of CDGIa fibroblasts to staurosporine is not related to the reduced expression of the antiapoptotic protein Bcl-2 (Fig. 2D) . It is interesting that Bcl-2 is more highly expressed in CDGIa than in control fibroblasts. In addition, no difference in the expression of the proapoptotic protein Bax was observed among the various studied cell populations (Fig. 2D) (Table 1) . Another characteristic of CDGIa fibroblasts is the correction of the N-glycosylation defect by mannose supplementation. As shown in Fig. 3A , when incubated in the presence of 1 mM mannose, both CDG Ia-A and Ia-B fibroblasts recover an LLO profile similar to the one of control fibroblasts. To investigate whether the sensitivity of CDGIa fibroblasts to staurosporine is related to an N-glycosylation defect, we repeated the experiments reported above in mannose-supplemented cells. Mannose supplementation of CDGIa fibroblasts has been shown to increase the sensitivity of [ 3 H]mannose-labeled N-glycans to endo H by extending the length of high mannose oligosaccharides beyond five mannose residues (14, 15) . Endo H digestion released 37 and 56% [ 3 H]mannose from CDGIa-A and CDGIa-B fibroblast glycoproteins, respectively (Table 1) . By contrast, 77% of the radioactivity associated with [ 3 H]mannose was released from control fibroblast glycoproteins. After mannose supplementation (1 mM), endo H sensitivity of [ 3 H]mannose-labeled glycoproteins was similar in CDGIa-A and CDGIa-B fibroblasts and control fibroblasts (see Table 1 ). However, despite the normalization of N-glycosylation in CDGIa fibroblasts, their higher sensitivity to staurosporine-induced apoptosis was not reduced as exemplified by the analysis of cell viability (Fig.  3B) .
DISCUSSION
In the present study, we show that CDGIa fibroblasts are more sensitive to staurosporine-induced cell death than normal fibroblasts. Although PMM2 activity was slightly higher in CDGIa-B than in CDGIa-A, no difference in staurosporine sensitivity was observed between the two cell populations. As the same biochemical markers of apoptosis, i.e. caspases 9 and 3 activation, PARP cleavage, and DNA ladders are observed in both CDGIa and control fibroblasts, one cannot argue that the higher sensitivity to staurosporine is related to the existence of an alternative cell death pathway in CDGIa fibroblasts. The supplementation with mannose, which corrects the Nglycosylation defect in CDGIa fibroblasts, does not modify their sensitivity to staurosporine-induced apoptosis, suggesting that their higher sensitivity to apoptotic stimuli is not a direct result of their N-glycosylation defect. However, we cannot exclude that some glycoproteins involved in a cell-survival mechanism remain incorrectly glycosylated and inactive after mannose supplementation in CDGIa fibroblasts.
A default in protein N-glycosylation is frequently associated with retention of glycoproteins in the endoplasmic reticulum (ER) (16) . The accumulation of material in the ER can trigger an unfolded protein response characterized by the increased expression of protein chaperons such as Bip/GRP78 to relieve the accumulation of glycoproteins in the ER lumen (17) . However, if the stress persists, then an ER-dependent cell death mechanism can be activated. According to previous reports (18) , no difference in Bip/GRP78 expression was observed in CDGIa fibroblasts used in this study when compared with control cells in the presence or absence of staurosporine (data not shown). From this result, we can conclude that the higher sensitivity of CDGIa fibroblasts to apoptotic stimuli is not related to ER preconditioning.
Several enzymes of the metabolism of N-glycans have also been shown to be involved in the cell survival/cell death balance (19 -21) . DAD1 (defender against apoptotic cell death), a subunit of the mammalian oligosaccharyltransferase that transfers en bloc high mannose oligosaccharides onto polypeptides in the ER lumen, has an antiapoptotic activity via its interaction with Mcl-1, a member of the bcl-2 family (22) . In contrast, overexpression of dolichol-phosphate-mannose 3/prostin-1, a small stabilizer subunit of the synthase, induces apoptosis in COS cells (21) . Further studies will be aimed at addressing whether PMM2 is involved per se or through interaction with other proteins in the control of cell survival/ cell death balance.
